This report evaluates how the economic environment (i.e., discount rate, inflation rate, escalation rate) can impact previously estimated differences in lifecycle costs between an integrated waste management system with an interim storage facility (ISF) and a similar system without an ISF.
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INTRODUCTION
This report evaluates how the economic environment (as represented by discount rate, inflation rate, escalation rate) can impact previously estimated differences in lifecycle costs between an integrated waste management system with an interim storage facility (ISF) and a similar system without an ISF.
The document entitled Cost Implications of an Interim Storage Facility in the Waste Management System [1] is a systems study comparing the "constant dollar" future lifecycle costs of spent nuclear fuel (SNF) management system scenarios. The scenarios include (1) continuation of at-reactor SNF management, including onsite dry storage only, and (2) management of SNF at the reactor, supplemented by a centralized interim storage facility (ISF) located at a hypothetical site. A multi-laboratory team prepared cost and schedule estimates and used them in a variety of scenarios defined by parameters such as the opening dates for an ISF and the use of a geologic SNF repository at a hypothetical site. For various scenarios, constant dollar annual cash flows were presented for the period from 2020 to 2110. Only SNF from continued operation of today's decommissioned, shutdown, and operating domestic nuclear power plants is considered, for a total amount of approximately 142,000 metric tons of heavy metal (MTHM). While this analysis is based on the previous cost implications report [1] , unit cost estimates the initial 2015 calculations for an ISF were updated based on industry-led design efforts [2] .
SENSITIVITY OF ISF COST SAVINGS TO ECONOMIC ENVIRONMENT
Budget and funding planning for this long-term enterprise require financial figures-of-merit other than just lump sum constant dollar totals. General inflation in the US economy and incremental escalation due to generic factors endemic to nuclear projects means that the ultimate as-spent lifecycle cost could be significantly higher than the lump-sum total of the projected constant dollar cash flows. Inflated dollars are sometimes called escalated dollars, but it is important to understand that total escalation can have two parts: (1) an inflation component attributable to cost/price increases in the general national economy, and (2) incremental (or additional) escalation due to project-specific factors such as procurement difficulties and project execution problems. Recent experience [3] shows that US nuclear projects typically experience such cost growth.
Project planners and financiers are also required to evaluate deployment options in terms of discounted dollar sums for the cash flows. A dollar today could be invested at some rate of return (discount rate or interest rate), or it may be spent on a project. Therefore, future dollar cash flows spent on a project are discounted to reflect the fact that they are not earning interest if they are used to fund a project in those future years. This discounting quantifies a foregone opportunity cost. The usual figure-of-merit for discounting lifecycle costs is the sum of the discounted cash flows. This sum is always less than the sum of the undiscounted cash flows, whether the latter is in constant, inflated, or escalated dollars. The interest rate used to calculate discounted cash flows is called the "discount rate" and one must be cautious in selecting the appropriate rate.
This study applied various inflation, escalation, and discounting assumptions to the constant dollar cash flows for scenarios with an ISF and without an ISF to determine how the sums of the cash flows are affected in each scenario. At-reactor costs include costs associated with procuring and operating dry storage, including casks, of present and future projected SNF. These costs will continue to accrue until the SNF is removed from reactor sites, and the ISFSI is decommissioned ISF costs are the lifecycle costs required to plan, design, construct, operate, and decommission a centralized storage facility capable of accepting dry casks from existing reactor sites' independent spent fuel storage installations (ISFSIs) and those constructed at reactor sites for future SNF. These costs are expected to be offset by a reduction in future at-reactor costs due to the ISF providing more efficient consolidated storage at a lower unit cost ($/kgHM) due to economy of scale.
Methodology
Transportation costs are the costs of transporting SNF from the onsite ISFSIs to the ISF, from the onsite ISFSI to a repository, or from an ISF to a repository.
Cash flow streams for these three categories were extracted from the constant dollar data provided and were subjected to inflation, incremental escalation, and discounting, as described below. Each cash flow stream can carry different discount rates and incremental escalation rates. The general inflation rate is assumed to be the same for all three streams. Values for examination and ranges for analysis of these rates are discussed below.
Discounting
Discounted dollars for a given year and cash flow are calculated by dividing each constant dollar cash flow at year by a compound interest term
where is the discount rate and is the number of years after the base year for constant dollar costing. The sum of all discounted cash flows over the project lifecycle is called the net present value, or NPV. Projects of long duration with significant out-year cash flows will have a lower NPV than a project costing the same amount in constant dollars but with nearer term future expenditures.
Escalation
Escalation reflects the fact that inflation and other factors tend to drive future costs above today's costs. For this study, escalation is divided into two parts: a general inflation component and an incremental escalation component dependent on project-specific attributes, such as use of high demand commodities, need for additional construction and regulatory person-hours, and unanticipated wage increases due to shortages of nuclear-qualified craft workers. Inflated dollars for a given year and cash flow are calculated by multiplying each dollar cash flow for year by the following compound interest term: 
Discussion of Economic Parameters
The following is a discussion of the rationale for selection of economic parameters needed to define a base case and the ranges for study. Parameters discussed below include (1) discount rate, (2) general inflation rates, and (3) incremental escalation rate (above general inflation).
Discount Rate
Per the US Office of Management and Budget (OMB) Circular No. A-94, Guidelines and Discount Rates for Benefit-Cost Analysis of Federal Programs [4] , certain analyses should include comprehensive estimates of the expected benefits and costs to society based on established definitions and practices for program and policy evaluation. Social net benefits-not the benefits and costs to the federal government-should be the basis for evaluating government programs or policies that affects private citizens or other levels of government. Costs should reflect the opportunity cost of any resources used as measured by the return to those resources in their most productive application elsewhere.
In assessing the discount rate, it is assumed that each of the two main scenarios examined in the cost implications report-a waste management system with an ISF and a waste management system without an ISF-can both satisfy the fundamental waste management mission need, recognizing that the benefits and costs associated with each alternative will differ. The difference in opportunity cost between these scenarios is then measured by the return that could have otherwise accrued on the constant dollar cost difference between the two scenarios when integrated over time if the expenditures had not been required for the integrated waste management system. This particular study does not distinguish between how waste management system costs are paid, e.g. whether from Nuclear Waste Fund (NWF) resources paid into by a fee levied on commercial nuclear electricity generation or from Judgment Fund resources paid into by US taxpayers. Thus, the present sensitivity examines the effect of varying a single discount rate value for all waste management system costs and does not apply different rates to different types of costs.
For simplicity and to more closely approximate the current economic environment, 2016 long-term discount rates of 1.5% real and 3.5% nominal from the revised Appendix C of Circular A-94 [5] were used for the base case (starting point) for this study and were simply applied to all cost elements. However, the OMB Circular A-94 issued in 1992 states that "constant-dollar benefit-cost analyses of proposed investments and regulations should report net present value and other outcomes determined using a real discount rate of 7 percent," which approximated the marginal pretax rate of return on an average investment in the private sector about the time the circular was issued. Updates to certain discount rates for lease-purchase and cost-effectiveness analysis are included in annual updates to Appendix C of OMB Circular A-94. It). It is typically assumed that the funds to be spent are appropriated by Congress and that funding alternatives are available within DOE's overall budget. However, the NWF is invested in government securities -the nature and types of which are discussed in detail in the report entitled Secretarial Determination of the Adequacy of the NWF Fee, January 16, 2013 [6] . This report considered several economic forecasts having different real interest rates (from 0.51% to 3.73% as shown in Table 2 of Ref. 6). Additionally, some at-reactor costs are paid by the Judgment Fund which introduces an opportunity cost to US taxpayers. Therefore, the base case represents a starting point for the sensitivity analyses, and a range of discount rates that envelopes the values discussed above is examined in this study.
General Inflation Rate
General US inflation has been measured by the Department of Commerce since the 1913 establishment of the Federal Reserve System. Prior to 1913, economists used various aggregated price indices for manufactured goods and agricultural commodities to arrive at an average inflation measure. Figure 1 shows US general inflation from the years 1801 to 2015. Prior to 1936, deflation (negative inflation) was just as common as inflation. From 1913 to 2015, inflation has averaged 3.27% per year. Figure 1 shows that institution of the Federal Reserve System reduced the number of banking crises that led to "panics" or depressions and subsequent deflation from the number of crises that occurred between 1800 and 1912.
The government (Department of Commerce) and various private economic consulting firms periodically attempt to project a long-term average inflation rate. These forecasts project less than 50 years in the future. However, this planning exercise needs forecasts that project into the 22 nd century. Chapter 2 and the appendices to the adequacy report [6] cited above contain a table with forecasts of inflation rates and interest rates. Based on the middle range of these data, a general US inflation rate of 2.0% per annum was selected for the base case for this study. The graph shows that from the mid-1990s onward, the inflation rate has hovered around 2%/annum. This is in part due to the Federal Reserve Board taking a more active role in tempering fluctuations in the economy. A 2% inflation rate reflects relatively slow-tomoderate growth in the economy, which has been the case since 2008. 
Incremental Escalation Rate
Incremental escalation represents the average increase in project costs beyond that imposed by general inflation. The reasons for incremental escalation are usually specific to the nature of the project: the type of technology, the maturity of the technology, and its susceptibility to regulatory, legal, and project management difficulties. Incremental escalation can result from construction cost overruns, project execution schedule slippages, and operational cost overruns. History indicates that private and
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ISF lifecycle costs and the costs associated with multiple at-reactor ISFSIs are subject to nuclear project incremental escalation. The transportation portion of the project consists of railroad operations requiring additional security. Most containers to be used in this work have already been certified or are in the process of being certified. Railcar certification and manufacturing should also be relatively straightforward once the design is approved. Therefore, no incremental escalation is applied to transportation.
To determine the most likely average incremental escalation rate, the average increase for nuclear power plants built since the 1960s until the present was considered. A paper on this subject, Historical Construction Costs of Global Nuclear Power Reactors [3] was published in the journal Energy Policy. Historical specific overnight capital costs for nuclear power plants, expressed in year 2010$ per kW e of capacity, are studied for the US, France, Germany, Canada, Japan, South Korea, and India, as shown in Table 1 . Russian and Chinese data are sparse, and treatment of costs in socialist countries differs markedly from western costing practices. In this report, the effects of general inflation are removed by adjusting all as-then historical dollars by applying the country's experienced implicit price deflator. Therefore, all experienced overnight cost increases (or decreases) represent incremental escalation. Each country's reactor construction timeline is divided into eras representing particular reactor types and particular events such as the US reactor accident at Three Mile Island (TMI), the costs of reactors already under construction, and whether the reactor designs were domestic or imported. The most recent eras were the focus of this study. As shown in Table 1 from Lovering et al. [3] , the US and West Germany experienced the highest overnight construction cost escalation. Part of the increase is due to US and German reactors having the least standardized designs, with each project having some first-of-a-kind attributes. Thus, the beneficial cost effect of learning was reduced. The US and Germany also experienced the most intervention and regulatory ratcheting of all countries listed. For dry storage projects at reactor ISFSIs and an ISF are substantially less complex than reactor systems. The goal is for the actual escalation to be more like that of the light water reactors in France, which have only 2 to 3 standard designs for 59 light water reactors and only 2 to 4% annual escalation. Therefore, a midrange value of 3% per year has been selected as the base case value for at-reactor and ISF cost elements a .
a ISFSI and ISF dry storage operations may potentially exhibit cost escalation behavior that is different from those of capital expenditures. An operating cost escalation rate was estimated from Energy Information Administration reports on nuclear operating costs between 1974 and 2015 [7, 8, 9] , and renormalized from a per-kilowatt basis to a per-reactor-year basis for each year using capacity factors, nuclear generating capacity, and the number of units in the fleet [10] . Costs were readjusted to 2016 dollars using the gross domestic product implicit deflator [11] . The incremental escalation rate was gauged using an exponential regression yielding a rate of approximately 3%. Since both the incremental escalation of capital costs and the incremental escalation of operating costs are gauged to be 3%, in the interest of simplicity, the same incremental escalation rate was applied to both capital and operating costs in this study. 
Summary of Base Case Economic Parameters
Based on the discussion above, the selected economic parameters for the base case shown in Table 2 will be used to conduct the sensitivity analyses (discussed in the next section) to understand how variations in these parameters can affect the results. Table 3 represent various successive applications of discounting, inflation, and incremental escalation. The difference between the with ISF and without ISF totals is negative in four of the five columns, thus favoring the scenario with an ISF. In the second column, which shows discounting of the constant dollar cash flows, the difference is positive, thus favoring the without-ISF case.
Undiscounted constant dollars ($M)
Constant dollars discounted ($M)
Constant dollars inflated ($M)
Constant dollars inflated & escalated ($M)
Constant dollars inflated, escalated, and discounted ($M)
Searching for the Breakeven Discount Rates
By trial and error or successive iteration, it is possible to find the discount rate for which the with ISF and without -ISF cases are equivalent in present value. This rate is sometimes called a breakeven rate. For the real discount rate, the breakeven rate is 0.98%. Column 2 of Table 4 shows the near-zero NPV difference when the breakeven discount rate (also known as the internal rate of return) is found.
b The ISF life cycle cost presented in this report is based on one alternative scenario of many from Ref. [1] . This assumed cost represents a starting point for economic environment comparisons and should not be confused with a definitive ISF cost basis. The same iterative procedure can be applied to the "nominal" discount rate. The breakeven rate is determined to be ~6.17% (see Table 5 ). The last column of Table 6 below shows the zero NPV difference. 
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Breakeven Curves
Breakeven points vary depending on the prevailing economic environment. Thus, breakeven points for the ISF vs. No-ISF cost comparison were determined for a range of cases with a focus on realistic economic environments for the next century.
The ISF vs. No-ISF breakeven for inflated, incrementally escalated, and discounted dollars is shown in Figure 2 . Various combinations of the inflation rate and the incremental escalation rate were created, and the nominal discount rate at which breakeven occurs was determined. The inflation rate was varied from 0% to 7% and escalation rates were varied from -5% to 10% to produce said combinations. The breakeven surface that results is flat, allowing it to be represented as a line in Figure 2 . The first variable (horizontal axis) is the sum of escalation and inflation, and the second variable (vertical axis) is nominal discount rate. Because it is a 1D representation of a 2D surface, the breakeven curve is not sharply defined, as can be seen from the multiple breakeven points for each value along the horizontal axis. Nominal discount rates over 7% are not shown, as these are unlikely to exist over a sustained period. In the figures in this subsection, the parameters used in study refers to the assumed base case economic assumed parameters detailed in Table 2 . Figure 2 . Breakeven when changing the nominal discount rate, incremental escalation rate, and the inflation rate. The trends revealed here are not surprising. The relative cost of the ISF option decreases as escalation and inflation increase. In the ISF option, sites are de-inventoried, and SNF is transported sooner than in the no-ISF case. Because the ISF option shifts costs to the near term, incremental escalation and inflation do not increase costs as much as in the no-ISF case. When the discount rate is increased, it decreases the impact of delayed costs so that the no-ISF option becomes less expensive.
Next, ISF vs. No-ISF breakeven curves were examined, holding the nominal discount rate constant. The ISF vs. No-ISF breakeven curve is shown in Figure 3 assuming a 0% nominal discount rate. Again, as incremental escalation and inflation increase, the ISF option becomes more attractive. Once the inflation rate reaches 5%, the ISF option always costs less. The asymptote was not included in the 3-parameter study; as such, an economic environment is unlikely to occur over a sustained period of time. An alternative situation with a non-zero nominal discount rate may also be of interest. In Figure 4 , the nominal discount rate is increased to 3.5%. The relative cost of the no-ISF option decreases because a higher discount rate makes delayed purchases (de-inventory and transportation) more attractive. Once the inflation rate reaches 8.5%, the ISF option always costs less. Again, the asymptote was not included in the 3-parameter study, as it does not occur in a realistic, long-term economic environment. Figure 5 shows the effect of a varying discount rate on the difference in costs between the No-ISF option and the ISF option, excluding general inflation and incremental escalation. In this graphic and the one that follows, the order of computing the difference was reversed from that used for Tables 3 and 6 , so positive values favor the ISF-option in Figures 5 and 6 . The curve in Figure 5 shows that if general inflation and incremental escalation are neglected, the waste management system scenario with an ISF results in a cost savings for real discount rates less than about one percent, and for increasing discount rates, it would cost less than about $5 billion more than the No-ISF option. The observed behavior is due to the larger nearterm investment required for the ISF-option, and the leveling off of the curve approximates the cost difference between the two scenarios integrated over the near-term timeframe. The effect of varying the nominal discount rate with general inflation and incremental escalation rates fixed at 2% and 3%, respectively, is shown in Figure 6 . As mentioned previously, breakeven occurs at a nominal discount rate of approximately 6% (or real discount rate of 4%). For higher nominal discount rates, the ISF-option costs more than the No-ISF option, but the cost does not increase dramatically. Again, the curve levels out at higher discount rates because costs associated with future actions in the long-term are highly discounted and approach zero. If the plot were extended to include extremely high discount rates, the curve would reverse direction and approach the difference in cost between the two options near time zero. In contrast, as the nominal discount rate decreases below about 5% (or real discount rate < 3%), the cost savings realized by including an ISF with the specified incremental escalation rate become substantially larger than
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